Test devices have been fabricated on two specially grown GaAs / AlGaAs wafers with 10 nm thick gate dielectrics composed of either Ga2O3 or a stack of Ga2O3 and Gd0.25Ga0.15O0.6. The wafers have two GaAs transport channels either side of an AlGaAs barrier containing a Si δ-doping layer.
states, ≤1×10
11 cm −2 eV −1 after appropriate treatment. However, the conduction band offset (CBO) from GaAs to Ga 2 O 3 is only 0.8 eV, 4 and there can be large leakage current in structures using this oxide when they are forward biased. This can severely limit the voltage region over which the C-V characteristics can be observed at room temperature, 5 and can prevent the use of standard C-V techniques to characterise the oxide-semiconductor interface in n + MOS samples. 4 have measured the offsets in a similar dielectric stack on GaAs and obtain a value of 1.5 eV for the Gd 2 O 3 subnetwork.
In previous work, 5 we reported the results of studying the C-V and I-V characteristics of the wafer shown in Fig. 1 with a Ga 2 O 3 insulator at room temperature and below to reveal the transport mechanism and the characteristics of any oxide and donor states. The wafer has two GaAs transport channels either side of an Al 0.3 Ga 0. 7 As layer with a Si δ-doping layer in the middle which is clad by 1 monolayer (ML) of GaAs on each side to reduce DX centre formation.
The benefits of this structure over more simple structures are three fold. Firstly, compared to a MOS sample with an n + substrate, the additional barriers present between the centre of mass of the charge carriers in the semiconductor and the oxide reduce the gate leakage and allow the C-V characteristics to be observed over a greater voltage range.
This opens the opportunity to directly compare the C-V characteristics of the same structure with different gate oxides. Secondly, the observed properties will be more characteristic of those one would expect to see in a real device.
Thirdly, magnetotransport measurements can be performed and the results compared with the C-V characteristics of the same structure. The purpose of the inclusion of the surface GaAs layer is to allow the effect of proximity to the insulator of the conduction channels that form to be inferred from magnetotransport measurements. Preliminary magnetotransport measurements were reported in Ref. 5 , more detailed analysis will be published elsewhere.
n-doped III-V materials can contain DX states, or deep level donor states. DX states in Al x Ga 1−x As are localised electronic ground states of isolated substitutional donors in distorted configurations, with each state occupied by two electrons. 6, 7 These states are polaronic and thus have barriers to both entry to and exit from them, with the latter being greater than the former. Up to four deep donor related states with different abundances and energetics, corresponding to the four configurations of Ga and Al neighbours of the Si atoms, have been observed in Si doped Al x Ga 1−x As. 8 We will use the same nomenclature for the four DX levels as that used by Mooney: DX0, DX1, DX2
and DX3, 9 ; where the number refers to the number of surrounding Al atoms. The strength of lattice polarisation upon capture of electrons and the depths of the resulting levels increase from DX0 to DX3 and the capture and emission rates decrease.
Because of the presence of barriers in DX states, bias cooling techniques can be used to investigate them. In a traditional bias cool experiment, a metastable trap configuration is generated in a sample by applying a bias at a high temperature, cooling the sample under bias to a low temperature, and then observing the threshold voltage.
By applying different biases in this way to populate and deplete the states, the changes in threshold voltages at low temperature can be used to determine the density of DX states, if the effect of other states is negligible. If other states are present, their effects must be deconvolved from those of DX states. In the bias cool experiment performed here, the threshold will be measured at low temperature and as the sample is annealed and the gate voltage is cycled.
This is done to provide additional information about the states that are present.
In this work we report the results of similar C-V and I-V studies on an identical wafer with a Gd In both wafers, the oxide was deposited by MBE on an As stabalised (001)2×4 GaAs surface under UHV conditions.
In wafer 2, the first oxide layer was a thin template layer of Ga 2 O 3 . After the template layer reached a thickness of 1 nm, Gd 0.25 Ga 0.15 O 0.6 was deposited to make up an oxide stack with a total thickness of 10 nm. Growth of the template layer in wafer 1 was identical to that in wafer 2. After the template layer has formed, the deposition of Ga 2 O 3 continued until the oxide was 10 nm thick. Further details of the oxide growth can be found in Ref 10.
II. EXPERIMENTAL
The electrical measurements presented here have been made on samples with annular surface ohmic and gate contacts defined using standard electron beam lithography techniques. A platinum / gold stack was used for the gate metal in all samples. The samples were measured at temperatures between 10 K and 300 K in a closed-circuit
He cryostat using a Keithley System 82 for C-V measurements and Keithley 236 SMU for I-V measurements. The TEM images were obtained in an FEI Tecnai F20 from samples that were dimpled and then thinned to electron transparency using a Gatan PIPS ion mill. The two most commonly used and successful models of thermally activated conduction processes in insulators are those of Poole-Frenkel and Schottky emission, the general equations for which are given by Eq. 1 and Eq. 2, respectively,
III. RESULTS AND DISCUSSION
where J, A, T , q, φ b , ξ, ε i , and k B are the current density, the 2D Richardson constant, the absolute temperature, the electronic charge, a potential barrier height, the field in the insulator, the dynamic absolute permittivity of the insulator, and Boltzmann's constant.
The second term in the exponential in both equations is the image charge induced barrier lowering (ICIBL). The field at which the barrier lowering becomes significant depends on the CBO, the barrier height and the dynamic permittivity. It is important to consider for each wafer whether barrier lowering will have a significant effect on the derived barrier height.
The conduction processes are shown schematically in Fig. 3 . In the Poole-Frenkel model, transport is by field enhanced thermal excitation of carriers between adjacent states in the insulator. The barrier height is the potential between the state and the oxide conduction band edge and is independent of gate voltage (there may of course be some dependence of the barrier height on gate voltage through ICIBL). In the Schottky emission model, the current is also by carriers thermally excited over a barrier, but the carriers are in states in the conduction band of the semiconductor and the barrier is formed by the oxide conduction band edge. The current is dependent on the density of states in the conduction band of the semiconductor, which in our case is a two dimensional electron gas and thus is proportional to Because the pre-exponent in both models is very much weaker than the exponent, both processes can be analysed Clearly, the barrier height is not independent of gate voltage and thus the gate leakage in this temperature and voltage range is not by the Poole-Frenkel process. Although this result is in contrast to the work of Chen et al. 12 , who extract a constant barrier height over a range of gate voltages from analysing the current from samples with an n + substrate using the Poole-Frenkel model, the structure of the wafers on which their experiments were based is different from our more device-like structures. As in our earlier work on wafer 1, 5 the barrier height varies linearly with voltage, suggesting that Schottky emission is the dominant mechanism. We believe electrons are being emitted from the surface GaAs channel to the metal over a conduction band edge or through localised states that are distributed over a wide energy range near the band edge. In wafer 1, the gradient of the qφ b (V g ) plots was -1.02 eV/V. This figure is close to the ideal value of 1, indicating that barrier lowering can be ignored. In wafer 2 however, the gradient is -0.58 eV/V, and other mechanisms in addition to Schottky emission must be considered.
In the voltage region of interest, the conduction band profile will be similar to that shown in Fig. 3 , where the field in the oxide is in a direction pointing away from the gate, towards the substrate. Increasing the gate voltage increases the field in the oxide, which causes the effect of ICIBL to increase with increasing gate voltage. If this were the dominant mechanism, then the extracted barrier height would be lower than expected in the ideal case by an amount which increases with gate voltage and, thus, the gradient of the qφ b (V g ) plot would be greater than unity. This is not the case and ICIBL cannot account for the gradient. One explanation for the reduced gradient is electrons tunnelling through the top of the barrier. In wafer 1, the CBO is low, causing significant thermionic emission currents to develop at low gate voltages and limiting the field that can be created in the oxide. In wafer 2, the CBO is larger and the bands must be pulled down further, creating a much larger field in the oxide before significant thermionic emission occurs. Thus, the shape of the conduction band at the energy which determines the barrier height will be different in the two wafers, when the current increases significantly with gate voltage. The barriers will be triangular in both cases, but will be broad in wafer 1 and narrow in wafer 2. The narrow barrier in wafer 2 will make it easier for the electrons in the GaAs channel to tunnel through the barrier and will reduce the dependence of the measured barrier height on gate voltage. In this model, thermionic emission is still the dominant mechanism, so the characteristics of the mechanism, such as temperature dependence, are still present in the I-V characteristics.
In a similar way to that reported in Ref. 5 , the C-V characteristics of both wafers have been measured as a function of temperature in zero, negative, and positive bias cool experiments to assess the barriers present to entry and exit of states. In these experiments, the sample is cooled to 10 K under the appropriate bias and the gate voltage is swept (Fig. 5(a) ), there are several important features:
1. The threshold voltage is a function of temperature.
2. There are temperature ranges where hysteresis between positive and negative going traces is observed, and others where there is little or no hysteresis.
3. There are two temperature regions where the transition between depletion and accumulation widens and the threshold moves to more negative gate voltage, while the hysteresis peaks and then decreases to zero, as the temperature is increased.
4. Below temperatures of around 80 K there is little hysteresis and only small changes in the threshold voltage.
Note that some of these features are more easily seen in Fig 6(a) , (b), and (c).
These characteristics can only be explained by the presence of two populations of states with different capture and emission cross sections, where, for both populations, the former is greater than the latter and the latter increases rapidly with temperature.
Following Mooney, 9 for 30 % AlGaAs we expect there to be 3 DX levels below the conduction band edge, the DX1, DX2, and DX3 states. The DX3 states are the deepest and are relatively few in number, so we expect there to be two significant populations of active and accessible DX states. Because of their position in energy, the DX0 and DX3
states most likely remain respectively fully occupied and completely ionised throughout the voltage range explored.
For a given population of DX states and gate voltage sweep rate, there will be a temperature at which some states will not be in equilibrium with the gate voltage for at least a portion of the sweep. When this is the case, hysteresis and threshold voltage shifts will be seen in the C-V characteristics. The temperature at which these features will be seen increases with the depth of the state. Thus, the behaviour seen in the C-V characteristics fits well with the characteristics of DX states. We conclude that the high temperature effects are due to the deeper DX2 state, while the lower temperature effects are due to the shallower DX1 state.
To confirm the presence of DX states, bias cool experiments were performed. Fig. 6 (a) shows how the threshold voltage changes with temperature in different bias cooling experiments on wafer 1. We believe that all of the threshold voltage changes are caused by DX states and find no evidence of oxide states in this wafer. However, this does not mean that there are no oxide states or that they do not contribute to the threshold voltage changes, which may be the case. All that can be said with certainty is that the density of oxide states is very much less than that of the donors. The calculations performed to support this statement are given in detail in Ref. 5 . It should be noted that we attribute the irreversible hysteresis at 10 K to the filling of DX1 states despite the fact that all DX states have a barrier to entry. This is not inconsistent, however, as it may be possible for the electrons to tunnel through the relatively low barrier.
The de-trapping hysteresis plots for wafer 1 (along with those for wafer 2) are shown in Fig. 6 (c). For wafer 1 the plots are identical to one another, despite the different DX state occupations at the start of the experiment. This is because the barrier to exit is higher than that to entry into DX states and, therefore, any states that can be occupied at a given temperature can be subsequently ionised. The shape of this profile is, we believe, a result of DX states alone. The details of the DX state trapping and de-trapping processes and how they change with temperature are shown in annotations on the figures.
The C-V characteristics of wafer 2 are qualitatively similar to those of wafer 1. However, when examined in detail there are important differences. Fig. 6(b) shows the threshold voltage plots for wafer 2. The same general shape of threshold voltage shifts and hysteresis in wafer 1 are present in the characteristics of wafer 2, which we believe are the result of DX states, but the magnitudes of the shifts and hysteresis are in places larger than those in wafer 1.
The difference between the characteristics from the two wafers is directly related to the presence of oxide states. The initial irreversible hysteresis at 10 K in wafer 2 is seen in Fig 6(b) as a vertical line and is a factor of ∼ 4 larger than that in wafer 1. We ascribe this to oxide states in wafer 2 which easily trap charge at 10 K. This suggests that the oxide states have little or no barrier to entry.
The effect of oxide states can also be seen at temperatures between 130 K and 280 K. In this region, the zero and positive bias cool data of wafer 2 are similar to one another and, in the negative bias cool data, the threshold is more positive and there is greater hysteresis than in the zero or positive bias cool data (Fig. 6(c) ). This is surprising, but may be explained by the depletion of oxide and DX states at room temperature making accessible a greater number of oxide states at low temperature. These states then become occupied when the gate voltage is swept and this results in greater hysteresis as the system moves towards equilibrium conditions. This idea is supported by the absence of this effect in wafer 1, which has far fewer oxide states, and by the similarity in the maximum temperature at which the feature is present to that at which the oxide states remain in a non-equilibrium state. oxide states is effectively frozen and the hysteresis is close to zero. As the temperature is increased, the hysteresis goes through a peak and then decreases to close to zero while, relative to wafer 1, the threshold becomes more negative. At temperatures above 280 K, the oxide states are able to de-trap in equilibrium with the gate voltage and the hysteresis is similar to that in wafer 1 and is mainly due to DX states.
If a charge centroid of carriers occupying oxide states, x, is assumed, a lower limit of the density of oxide states, N t , in wafer 2 can be found from the maximum total threshold hysteresis caused by the states, ∆V , using Eq. 3
where ε ox and ε o are the oxide relative permittivity and the permittivity of free space. The maximum total hysteresis, found by summing the individual hysteresis from the two regions shown in Fig. 6(d) , is 0.425V. Assuming an oxide relative permittivity of 20, and that the charge centroid is located at the oxide / semiconductor interface, gives a density of oxide states of 4.70×10 12 cm −2 . This number is comparable to those reported by Passlack 2 on similar oxide stacks using conventional C-V analysis techniques.
The features of oxide states discussed here have also been observed in n + wafers with similar dielectric stacks, where DX are absent. In n + wafers, as in wafer 2, after a negative bias cool there is a large irreversible hysteresis at 10 K and, in positive bias cools, the de-trapping hysteresis starts at a temperature of around 150 K, see Fig 7. However, unlike in wafer 2, the de-trapping in the n + sample hysteresis profile increases smoothly with temperature without any of the fine structure seen in the characteristics of wafer 2. This confirms that the fine structure in the data from the heterostructures is related to the DX states alone.
Although oxide states produce apparently similar features to those produced by DX states, we must be careful about how we interpret the results. For interface states with no barrier to entry or exit, i.e. non-polaronic states, the capture and emission times, τ c and τ e , for a state at energy E T within the band gap are given by
and
where v th , σ n , n, E C , and N C are the electron thermal velocity, the capture cross section, the free carrier concentration in the conduction band, the energy of the conduction band edge minimum, and the effective density of states in the conduction band.
A measure of the response of a trap when the gate voltage is cycled is given by τ e /τ c = exp
, where E F is the Fermi energy. The capture and emission times are symmetric only when the Fermi level is at the energy of the trap. Unless the gate voltage sweep rate is such that all states remain in equilibrium with the gate voltage at all times, there will be hysteresis resulting from the non-equilibrium occupation of states that fill only after they have passed through and fallen below the Fermi level, for these states fill quicker than they can be emptied.
If this mechanism were the dominant one and the temperature were varied in bias cool experiments, one would expect the hysteresis to change and the threshold voltages to move in the same way as they do in the experimental results that we ascribe to oxide states. Because of this and despite the similarity of the oxide and DX state features, we cannot conclude that the oxide states are polaronic. Fig. 8 shows bright-field transmission electron microscopy (TEM) images of the oxide-semiconductor interface for the two wafers. In bright-field imaging, regions of higher atomic number tend to be darker, so, GaAs, Gd 
